This study tests the utility of the nuclear gene encoding dopa decarboxylase (DDC) for recovering Cretaceous-age divergences within the lepidopteran clade Heteroneura, which contains 98Yo of lepidopteran species. A 709-bp fragment of DDC has been sequenced in 32 species, including representatives of all major lineages of Heteroneura plus outgroups from more basal lepidopteran groups and the related order Trichoptera. Painvise divergences across the first and second codon positions and amino acids increase with depth throughout the taxonomic hierarchy, indicating that non-synonymous substitutions are not fully saturated; whereas, divergences across the third codon position level off at the family to superfamily level. Inclusion of non-neolepidopteran outgroups results in phylogeny estimates that contradict well established groups, almost surely due to sparse taxon sampling and high character divergence. When these taxa and an equivalently divergent basal ditrysian are excluded, DDC trees show nearly complete recovery of ten uncontroversial basal heteroneuran 'test clades' of family rank and higher, about half with strong bootstrap support. Thus, DDC clearly carries phylogenetic signal at these levels. Bootstrap support for resolution of the controversial relationships among the five main heteroneuran groups (four monotrysian superfamilies plus Ditrysia) is individually low, but two of three previous hypotheses were statistically rejected overall by DDC. DDC trees within the primitive heteroneuran superfamily Incurvarioidea, though modestly supported, closely resemble a previous morphological hypothesis, while removing the requirement for reversal in a possible 'key adaptation', the larval case. Taxon overlap with a previous mtDNA study of Prodoxidae (Incurvarioidea), which includes muchstudied mutualist pollinators, permits a comparison of substitution rates with the conservative mitochondria1 COZ+ COZZ region, as well as combined-data re-examination of generic reltionships. Non-synonymous substitution is about 25% slower in DDC than in COI+ COZZ, though synonymous substitution is faster. With additional taxon sampling, and in combination with other genes, DDC promises to be a powerful tool for reconstructing among-superfamily relationships within Lepidoptera and probably other insect groups.
INTRODUCTION
Lepidoptera are Jurassic or Triassic in origin, but much of their diversification has occurred during the Cretaceous and Tertiary (Carpenter, 1992; Kukalova-Peck, 1991; Ross & Jarzembowski, 1993; Labandeira et al., 1994) . Given their long diversification period, no one gene sequence can be expected to recover all relationships in molecular systematic studies. Rather, Merent genes; and character sets within genes, are optimally informative at different taxonomic levels Regier et al., 1998) . Additionally, any single gene (or other suite of characters) may be misleading for a variety of reasons (Sanderson & Doyle, 1992; Simon et al., 1994) , such that the most secure relationships are those based on multiple, independent lines of evidence (Brower & DeSalle, 1994; Baker & DeSalle, 1997; Fang et al., 1997; Friedlander et al., 1998) .
A goal of our molecular systematic studies has been the identification of an array of nuclear genes that are useful for resolving lepidopteran phylogeny (Friedlander, Regier & Mitter, 1992 , 1994 . Non-synonymous changes within 18s ribosomal DNA (Wiegmann et al., 2000) and phosphoenolpyruvate carboxykinase (Friedlander et al., 1996) are informative of basal relationships within the order. Within the much more recently derived noctuid subfamily Heliothinae, synonymous changes within elongation factor-la are highly informative (Cho et al., 1995; Fang et al., 1997) , and its utility extends to families of Noctuoidea, which are probably Tertiary in age (Mitchell el al., 1997; . Non-synonymous changes within the period gene are highly informative within families of Bombycoidea and occur approximately five times faster than in dopa decarboxylase (DDC) and 45-times faster than in elongation factor-la . Non-synonymous changes in 378-nt of the wingless gene (Brower & DeSalle, 1998) occur less frequently than in periodbut more frequently Downloaded from https://academic.oup.com/zoolinnean/article-abstract/130/2/213/2630894 by guest on 13 March 2019 than in phosphoenolpyruvate carboxykinase, placing it in a similar rate category to DDC.
As yet, few genes have actually been demonstrated to be suitable for recovering family and superfamily-level relationships. In this taxonomic range, synonymous substitutions are highly homoplastic, while non-synonymous substitutions from highly conserved, protein-encoding genes such as elongation factor-1 a and phosphoenolpyruvate carboxykinase are insufficiently variable. The general lack of markers for this period is a significant impediment to insect molecular systematics (e.g. SotoAdames et al., 1994) .
DDC and wingless are promising candidates for this role. Phylogenetic utility for DDC was first demonstrated in the noctuid moth subfamily Heliothinae (Fang et al., 1997) , in which information came almost exclusively from synonymous change. Across the superfamily Noctuoidea, however, whose basal divergences are probably early Tertiary or late Cretaceous in age, substantial signal was also provided by non-synonymous change (Fang et al., 2000) . We now extend the exploration of DDC to considerably deeper levels. The Noctuoidea are among the most recent of the approximately 30 superfamilies making up the advanced clade Ditrysia, which contains over 98% of lepidopteran species. The present study focuses on divergences between the Ditrysia and the other basal lineages of the so-called heteroneuran moths and the deepest splits within them, which date to the mid-Cretaceous or earlier (Labandeira et al., 1994) .
T o assess the probable utility of DDC within basal heteroneurans, we first test its ability to recover groupings, at several levels, which are strongly established by previous morphological and molecular evidence (see 'Taxon sampling and phylogenetic framework', below). We also examine pairwise divergence across previous groupings to look for possible saturation of substitution. We then assess the strength of evidence offered by DDC on still-controversial relationships among the basal heteroneuran lineages and within the primitive superfamily Incurvarioidea. In the incurvarioid family Prodoxidae, which includes the much-studied mutualist pollinators of Yucca (Agavaceae), we take advantage of overlap in our taxon sample with that of previous mtDNA studies (Brown et aL, 1994a,b) to make the first direct comparison of evolutionary rate between DDC and the widely-applied mitochondrial COIand COIIgenes, and to gauge the power of combined nuclear and mitochondrial sequences for resolving inter-generic relationships, including the sister-group to the Agavaceae-feeding clade.
MATERIAL AND METHODS

Tmon samplirg and thylogenetic jamework
Thirty species of Lepidoptera and two of Trichoptera were sequenced for DDC. Their taxonomic classification and the GenBank accession numbers for their DDC sequences are listed in Table 1 . Our sampling was designed to assess the utility of DDC and to test previous hypotheses at several hierarchical levels, as explained below.
Relationships at the base of the Lepidoptera have been intensively investigated and are among the most securely established in insects ( Fig. 1A ; Kristensen, 1984;  1994a,b) . The thickened internodes identify groups strongly supported in the combined gene analysis. Underlined taxa are Agavaceae-feeding. Kobayashi & Ando, 1988; Nielsen, 1989; Nielsen & Kristensen, 1996) . The split between Lepidoptera and their sister order Trichoptera (caddisflies) is indirectly dated to the Triassic, and the basal-most extant lepidopteran family, Micropterigidae, is known from the Jurassic (Kukalova-Peck, 1991; Carpenter, 1992; Ross &Jar-zembowski, 1993; Labandeira et al., 1994) . We have thus far been able to obtain only four DDC sequences, representing just two of the seven major lineages, from groups basal to the clade Neolepidoptera as depicted in Figure 1A . While these are included here for completeness, along with two trichopteran sequences, our evidence
does not yet permit a valid test of the utility of DDC in the most basal Lepidoptera (see Results).
Within the suborder Glossata, there is good evidence to support the monophyly of Neolepidoptera, which includes 99 O/ O of lepidopteran species. The prevailing, but not only (Friese, 1970; Dugdale, 1974; Minet, 1984) view of basal neolepidopteran relationships is that Exoporia, which consists of Mnesarchaeoidea and Hepialoidea, is a sister group to a monophyletic Heteroneura (Nielsen & Kristensen, 1996) , the primary focus of this study. Within Heteroneura, five clearly monophyletic basal groups are recognized, from each of which we sampled multiple species: Incurvarioidea, Nepticuloidea (Nepticulidae + Opostegidae), Tischeriidae, Palaephatidae and Ditrysia (Fig. 1 B-D) .
The first four contain only 30 to 1000 species each, whereas Ditrysia includes perhaps 140 000 described species. Morphological evidence on relationships among the Ditrysia and the other basal heteroneuran groups, however, has not been conclusive (Scoble, 1992) . Davis (1986) proposed that Ditrysia was a sister group to the remaining lineages, which he grouped as the Monotrysia (Fig. 1C) . Subsequent analyses, however, have reached very different conclusions ( Fig. 1 B,D ; Nielsen, 1985 Nielsen, , 1989 Kristensen & Skalski, 1999 ; see Discussion). A central aim of this study was to gauge the degree to which DDC might help to resolve this issue. Most of the divergences examined in this effort are likely to be mid-Cretaceous in age (97 Myr) or greater, as fossils of this age have been assigned to the modern nepticulid genus Ectoedemiu (Labandeira et al., 1994) , sampled here for DDC.
Sampling the Ditrysia for this exploratory study is problematic because of its enormous diversity, because relationships among the ditrysian superfamilies are little understood, and because our primers failed to amplify DDC for many of the presumed primitive taxa we initially screened. The four sequences we report include three representatives of Tineoidea s m u strict0 and one of Gracillarioidea. Tineoids and gracillarioids are traditionally considered primitive assemblages of ditrysian Lepidoptera (Robinson, 1988; Nielsen, 1989) . However, when the gracillariid is included, the ditrysians are not monophyletic in our analyses, probably because this sequence introduces a very long branch (see Results). This split is probably midCretaceous or older (97 My), as gracillariid fossils are known from that date (Labandeira et al., 1994) . Although not extensively tested, the situation is not improved by adding sequences from our earlier studies of the highly derived superfamilies Noctuoidea and Bombycoidea (unpublished observations). Therefore, most of our analyses use only Tineoidea S.S. to represent Ditrysia (see below).
Within Incurvarioidea, our sample represents all six families except the monotypic Crinopterigidae, permitting a test of the phylogenetic hypothesis of Nielsen and Davis (1985) , shown in Figure 1E . This scheme needs additional testing because the available characters, from morphology and life history, are few and homoplasious.
Among the incurvarioids, special attention has focused on Prodoxidae. This family includes a clade specialized for feeding on the monocot family Agavaceae, some species of which (the Yucca moths) exhibit an extraordinary, co-evolved mutualism in which adults pollinate the host flowers before ovipositing into them, ensuring development of the seeds in which their progeny will develop (Powell, 1992; Wagner & Powell, 1994; Pellmyr et al., 1996) . On the basis of a single, but striking, morphological synapomorphy, the Agavaceae feeders have been grouped with the genus Gga, which feeds on several dicot families, to form the Prodoxinae (Nielsen & Davis, 1985) . Analysis of a mtDNA fragment that includes parts of the COZ, COZZ and intervening tRNA genes, Brown et al. (1994a,b) strongly supported monophyly of the Agavaceae feeders (87% BP), but the sister group relationship of these to %a, although recovered, had less than 50% BP (see Fig. 1F ' j. The issue matters for understanding the progression to mutualism, because G y a includes two of the very few species outside the Agavaceae-feeders which pollinate the host. The mtDNA data also strongly excluded the supposed prodoxid genus Tridentafoma, on which the morphological evidence is conflicting (Nielsen & Davis, 1985) , from Prodoxidae + Cecidosidae (89% BP). A l l of our representatives for Prodoxidae (seven species in six genera), plus one outgroup each in Cecidosidae and Adelidae, were also sequenced for mtDNA by Brown et al. (1994a,b) , allowing re-examination of their conclusions by combining the data sets. Accession numbers for the mitochondrial sequences, which were taken from GenBank, are listed in Table 1 .
From the review above, we identified ten groupings at the family rank and above which are especially well supported by previous evidence, mostly from morphology. These groups (Heteroneura, Nepticuloidea, Tineoidea s.s., Tineidae, Tischeriidae, Incurvarioidea, Heliozelidae, Adelidae, Cecidosidae, and Prodoxidae minus 7% dentafoma), which are designated by asterisks in Figures 1, 3 and 4, are not beyond all doubt but are surely in the aggregate approximately correct. We therefore used recovery of these 'test clades' as one gauge of the likely utility of DDC at these levels.
Data collection protocols
Freshly collected specimens were stored long-term at -85"C, usually in 100% ethanol (Cho et al., 1995) . Total nucleic acids were isolated either from individual The two MP trees differ only within Adelidae ((A teupha, A. purpurea), Chalceapla) and ((A. trigrapha, Chalceapla), A. purpurta)). Thickened lines identify groups not recovered in Figure 3A .
conditions followed a standard 3-step protocol for 40 cycles with annealing temperatures in the range of 55°C. Primer pair 1.7dF and 4ddRC amplified a 709-bp fragment (Fang et al., 1997) , representing approximately 47% of the total coding sequence. This fragment was fractionated on low-melting-point agarose, excised, and purified (Wizard PCR Preps, catalog # 17 170, Promega Corp., Madison, WI).
Subsequently, internal fragments were amplified by PCR using nested primer pairs (Fang et al., 1997) . Additional internal primers new to this study are listed: AU primers included an 18 nt-long M13 sequence (not shown) at the 5' end to facilitate automated sequencing (Cho et al,, 1995) . Internal fragments were gel purified prior to sequencing, which occurred with the aid of an ABI 373 automated DNA sequencer with stretch upgrade (PE Applied Biosystems, Foster City, CA).
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Sequence alignment, painvise divqence and base composition
For DOC, sequencer chromatograms were edited, and contigs were assembled using the TED and XDAP programs within the Staden software package (Dear & Staden, 1991) . Sequences from multiple species were aligned and conceptually translated, and nucleotide and amino acid data sets were constructed using the Genetic Data Environment software package (version 2.2; Smith et al., 1994) . For DOC, optimal alignment required placement of an identically positioned insertion in Ectoedemia (24 nt) and Pseudopostega (18 nt) relative to other taxa. The indel was coded as a 2-state character for MP analysis and was omitted for ML analysis. COI and COII coding sequences (144 nt/48 aa and 540 nt/180 aa, respectively) were selectively removed from the GenBank files (see Table 1 ) before analysis. The intervening leucine tRNA sequence (67 nt) was excluded, as our aim was only to compare nuclear and mitochondrial protein-coding genes.
To look for indications of possible saturation of substitution, pairwise uncorrected sequence divergences for DDC amino acids and nucleotides separated by codon positions (ntl, nt2, nt3) were calculated in PAUP*4.0 and plotted on a reference phylogeny summarizing the previous morphological and molecular conclusions reviewed earlier (Figs 1,2) . The divergence values given at each node on this tree (Fig. 2) are the averages of all pairwise comparisons involving one species from each of the two sister groups subtended by that node. This is a very approximate analysis, not least because not all groups in Figure 2 are well supported.
Base compositions were calculated and tested for homogeneity across taxa, separately for each codon position-for DOC, across all 32 taxa, for the 26 neolepidopteran species listed in Table 1 , for the 25 neolepidopteran species analysed in Figures 3-5 , and for the 9 incurvarioid species co-analysed with COI+ COII (see asterisks in Table 1 ). For COI+COII, the same nine incurvarioid species were similarly analysed.
Phylogenetic anahsic
Phylogenetic analyses of DDC were conducted separately on the full 32-taxon set (Table l) , on the Neolepidoptera only, and on the Neolepidoptera minus the Ditrysian genus Lucanthita, which proved to be exceptionally divergent (see Results). MP analyses of nucleotide and amino acid data sets were performed with PAUP*4.0b 1 (Swofford, 1998) using unordered characters. Analysis employed a heuristic search using TBR branch swapping with random taxon addition (1 00 replications), except for the combined analyses of DOC, COZ, and COZZ, which were exhaustive searches. Bootstrap values (Felsenstein, 1985) also employed a heuristic search (1000 replications) using TBR branch swapping with random taxon addition (10 replications). Decay indices (Bremer, 1994; Donoghue et al., 1992) were obtained from maximum parsimony analysis using the 'load constraints' and 'enforce topological constraints' options after writing a constraint tree to a NEXUS file (Maddison, Swofford & Maddison, 1997) .
MP analysis of DDC nucleotides was conducted both including and excluding nt3, which appears to be largely saturated at this taxonomic level (see Results). T o gauge whether nt3 signal conflicts with that carried by ntl +nt2, we used the incongruence length difference test (Farris et al., 1995) , implemented as the Partition Homogeneity Test in PAUP*4.0, with 1000 random bi-partitions each analysed by TBR branch swapping on 10 random addition sequences. The all-nucleotide MP analyses were conducted both under equal weighting for codon positions, and with nt3 downweighted.
ML analyses of nucleotide data sets (both with and without nt3) from DDC were performed with PAUP*4.0 under a general time-reversible model of sequence evolution (described in Swofford et al., 1996: 430-438 , and references therein). Among-site rate variation was accounted for by estimating both a proportion of sites assumed to be invariable (Hasegawa, Kishino & Yano, 1985) and separate rates for each of the three codon positions. In an effort to partition synonymous and nonsynonymous change more completely, characters at the first codon position that encode two or more leucine or arginine residue in the entire data set were separated from those that have one or none, on the assumption that synonymous change could only be inferred to have occurred if there were two or more leucine or arginine residues at a given character. These two categories of sites at ntl were assigned to separate rate categories, yielding a four-parameter model overall. ML analysis of total nucleotides from the combined data set (DOC, COZ, COZZ) were analysed as described above using the ML amino acid tree as the starting point for parameter estimation. Each gene was assigned four separate rate categories, including two for nt 1.
The following strategy was used to optimize the search for the tree of highest likelihood: The MP trees from nucleotides (nt3 excluded) and from amino acids, as well as the ML tree from amino aids, were separately used as input topologies on which to optimize the likelihood parameters. Then, NNI branch swapping was performed and new likelihood parameters were estimated from the most likely topology. Then, TBR branch swapping was performed on this new tree and new likelihood parameters re-estimated. These parameters were used as input for a heuristic search with NNI branch swapping and 100 random taxon additions. The topology with the highest likelihood score is shown. The parameters from the overall best tree were used in bootstrap analyses (25&1000 replications), each based on a heuristic search with NNI branch swapping and 10 random sequence additions.
ML analyses for DDC amino acid data sets were performed using the protml program within the MOLPHY software package (versions, 2.2, 2.3; Adachi & Hasegawa, 1994) , searching tree space by 'star decomposition' and using empirical transition matrices compiled by Dayhoff, Schwartz and Orcutt (1978) and Jones, Taylor and Thornton (1992) . All 9490 amino acid parsimony trees within three steps of the minimum length tree (=423 steps) were also read into Aotml, and their likelihood scores compared with those of the star decomposition trees.
Analysis of the subset of seven prodoxid and two non-prodoxid, incurvarioid taxa sequenced for both DDC and COZ+ COZZ began with Partition Homogeneity Tests for nuclear (DDC) versus mitochondrial (COZ+ COZ. sequences (1 000 random bipartitions each analysed by exhaustive search), for both amino acids and all nucleotides. The genes were then combined, yielding data sets of 1393 nucleotides and 464 amino acids. Parsimony analyses of these combined data sets used exhaustive searches, plus bootstrap estimation as described above for DDC. Protml was used to obtain a ML tree estimate for the combined amino acids, as described above for DDC. ML analysis of the combined all-nt data used the amino-acid, star-decomposition, ML tree as the starting point for parameter estimation. The analytical approach was identical to that for DDC alone, except that the four codon-position rate categories were fitted separately for DOC, COZ, and COZZ.
The significance of differences in fit of individual data sets to alternative topologies, under both MP and ML criteria, was assessed by the test of Kishino and Hasegawa (1989) , using the 'Tree Scores' option as implemented in PAUP*4.0. To compare one incompletely resolved morphology-based tree for Heteroneura (Fig. 1D) to a fully resolved DDC-derived tree, MP and ML searches were repeated for DOC, using the morphology tree as a constraint. The resulting, f d y dichotomous tree was then compared with the corresponding unconstrained DDC tree.
Relative rates of nucleotide substitution in DDC versus COZ+ COZI were estimated by maximum likelihood, based on total estimated change for nt2 and for nt3 on a combined-data tree for a subset of six prodoxid species, in five genera, for which the optimal topology is constant across partitions and inference methods. These taxa, all within Prodoxidae, are marked in Table 1 with asterisks (excluding Tidentafonna&cokuca). The likelihood model was as described above for the combined data. Total expected change per site for each codon position in each gene was computed as the sum of branch lengths multiplied by the estimated rate parameter for that partition.
RESULTS
SuitabiliQ of DDC: pairwise divegmce, base composition, and evolutionaly rates
Correlations between painvise differences in sequence and taxonomic depth provide approximate, but useful, indicators of degree of overall sequence saturation and, thus, of data set quality. Painvise differences for four character sets (individual codon positions and amino acids) from DDC sequences have been mapped onto a test phylogeny that encompasses the taxonomic range of the present study (Fig. 2) . Table I ). For DDC only, values across all taxa in Table I are 0.62, 0.43, and 0.59 for ntl, nt2, and nt3, respectively . ** Expected total change per site on a tree for six prodoxid taxa (identified by asterisks in Table I , excluding Tiidentafomafiroleuca), under a general time-reversible model with codon-specific rates, as described in the text.
Sequence differences for nt3 are greater than 50% within some families, e.g., Prodoxidae and Hepialidae, consistent with a predominance of rapid, synonymous changes; values for nt2 are, with two exceptions, less than 10% for all comparisons across Neolepidoptera, reflecting the generally more conservative nature of nonsynonymous changes; values for nt 1 are intermediate, consistent with a mixture of synonymous and non-synonymous changes. Values for amino acid differences increase moderately uniformly with taxonomic depth to a maximum value of 26.7% for Lepidoptera/Trichoptera. Based on these correlations, the nt 1, nt2, and amino acid characters sets appear promising for testing basal monotrysian relationships. By contrast, nt3 appears likely to add substantial homoplasy to the phylogenetic result except at the lowest taxonomic levels, for example, within Grga. Further compromising the utility of the nt3 data set is its strongly non-homogeneous distribution of base frequencies-across the 32 taxa in Table 1 , the 25 taxa analyzed in Figures 3 and 4 , and the 9 taxa co-analysed for DDC and COZ+ COZZ (Table  2 )-as measured in chi-square tests (BO.00 1). T o emphasize this, nt3 base frequencies vary from 30% G + C for Zneola (Tineidae) to 83% in Esfiina (Incurvariidae) ( Table   1) . By contrast, nt 1 and nt2 base frequencies are homogeneous (D0.93).
The ML estimates of substitution rates on a tree for six prodoxid taxa (Table 2 ) indicate that non-synonymous (nt2) changes in DDC accumulate about 25% more slowly than in COI+ COZI. By contrast, synonymous (nt3) change occurs about 60% faster in DDC than in COZ+ COIZ.
Phylogenetic signal in DDC: recowy of test clades
All analyses of DDC for the complete set of 32 taxa (trees not shown) provide weak resolution at the base of the Lepidoptera and fail to recover groupings supported very strongly by previous morphological and molecular studies (Kristensen, 1984; Wiegmann et al., 2000; Nielsen & Kristensen, 1996; Friedlander et al., 1996) , most notably the basal placement of Micropterigidae and the monophyly of Glossata. Given that only four lepidopteran sequences were obtained outside Neolepidoptera, it seems clear that our taxon sampling permits no useful conclusion about phylogenetic * Not recovered in tree of highest likelihood or in strict consensus of MP trees utility of DDC at this level, beyond the observation that levels of non-synonymous divergence appear to lie in the appropriate range. Our treatment below is therefore restricted to the Neolepidoptera.
Initial analyses using all 26 neolepidopterans yielded trees (not shown) which recovered most well-established 'test clades' but failed to support the undoubtedly monophyletic clade Ditrysia. This discord was due to variable placement of the representive of Gracillariidae (Leucunthizu), whose divergence from the remaining Ditrysia is one of the largest observed anywhere in Lepidoptera (Fig. 2) . Extensive sampling of this enormously diverse clade, which contains over 98% of lepidopteran species, will probably be needed to adequately characterize its groundplan for DDC. For the present study, since inclusion of Leucunthizu seems to destabilize the phylogeny estimate, we focus on analyses from which this taxon was excluded.
As gauged by recovery and support of test clades for the 25-taxon data set, DDC appears to be highly informative about relationships within Neolepidoptera (Figs 3-5; Table 3 ). ML analysis of all nucleotides and MP analysis of all nucleotides with nt3 downweighted fourfold appear to provide the strongest signals (Figs 3A,4A; (Fig. 3 8 ) lncurvarioidea of parsimony-informative characters = 138. For part F, the topology summarizes the parsimony tree with the highest likelihood score that is within three steps of the MP tree. This tree, one of 9490 parsimony trees evaluated by likelihood, has a T L of 426, which is three steps longer than the MP tree (Fig. 4B,5C ). InL= -2888.3. hlL., all nt/ML, tit1 + n t 2 ( Fig. 3A) (Fig. 3B) ML, all nt/MP, aa ( Fig. 3A) (Fig. 4B) ML, ntl +ntP/MP, aa ( Fig. 38) (Fig. 48) analysis of the genus Adela, which is supported by strong morphological evidence (Nielsen, 1980) but decisively broken up (96% BP) by the all-nt analyses (both ML and MP, see Discussion). Failure to downweight nt3 in parsimony analyses leads to loss of additional test clades and to greatly lowered bootstrap support for Incurvarioidea (Table 3) . Additionally, the phylogenetic signal from nt3 conflicts signficantly with that from nt 1 + nt2 (P= 0.0 18 in the Partition Homogeneity Test).
TABI.E
Total nurleotidrs
Amino acids yield trees similar to those for nucleotides, but with substantially less apparent signal; the MP tree recovers only half the test clades with bootstrap values greater than 5O0/o, and, overall, only eight of 22 nodes have bootstrap support over 50%. The 'Protml star-decomposition' trees are not discussed because they had worse likelihood scores under protein ML than did the amino acid parsimony trees which were within three steps of the MP tree (Fig. 5F7 , a finding that has also emerged in our analyses of other genes and taxa (unpublished observations).
While there are several differences among trees, as discussed above, reciprocal Kishino/Hasegawa tests (Table 4) give little indication of pervasive discord in signal between different analyses or characters sets. In only one case does a data set significantly favor its 'own' best tree over that for another data set to even a marginal degree (amino acid MP vs. nt 1 + nt2 ML), and in no case is there reciprocal rejection of optimal trees that would indicate substantial conflict (Cunningham, 1997) .
Phylogmetic @a1 in DDC: major hetmneuran lineages
In contrast to their robust support for many 'test clades', the DDC data do not strongly resolve the controversial basal divergences among the five major lineages of Heteroneura, though they are able to significantly reject some previous proposals (see below). The highest bootstrap value for any node subtending two or more of these lineages, in any analysis, was only 69% (Fig. 5A ). Each analysis of DDC produced a slightly different tree for the five lineages (Fig. 5) , leaving the strict consensus across all analyses essentially unresolved. However, two consistent features of these trees can be recognized. First, Ditrysia and Nepticuloidea are the two most basal lineages, found in at least one optimal tree in every analysis except MP analysis of total, weighted (4:4:1) nucleotides (Fig. 5B) . Second, the sister group to Incurvarioidea is Palaephatidae in at least one optimal tree in every analysis, except in MP analysis of amino acids (Fig. 5C ).
All of the DDC trees for the five heteroneuran lineages (Fig. 5 ) differ by at least one substantial rearrangement from each of the three morphology-based hypotheses (Fig. 1B-D) . We therefore asked whether the DDC analyses could statistically reject any of the morphological hypotheses, as gauged by the test of Kishino and Hasegawa (1989) . The degree of decisiveness thus measured follows the order of apparent signal strength as discussed earlier. For amino acids analysed by MP and for nt 1 + nt2 analysed by ML, neither of the favoured DDC trees are significantly better than any of the morphology trees (P = 0.1 269-0.1943 and P = 0.05024.1642, respectively).
ML analysis of all nucleotides, however, marginally rejects both the hypothesis of Kristensen and Skalski (Fig. 1 D ; P = 0.0369) and that of Nielsen (Fig. 1 B ; P = 0.02 16) but not that of Davis (Fig. 1C; P=0.1061) .
Within the Incurvarioidea, DDC provides substantial support for the monophyly of Cecidosidae, Adelidae, and Prodoxidae (minus the problematic Tdmtafoma-see below) as sampled here. Heliozelidae are never monophyletic in our analyses, because Antispila groups with the adelids, but support for this node is weak and the conflict is probably not real. Regarding relationships among the five families sampled (of six), the ML (all nt), MP (aa), and ML (ntl +nt2) are very similar to the morphological phylogeny of Nielsen and Davis (1 985, Fig. 1 E) , and become identical (or nearly so for ML, ntl +nt2) if the root of their tree is shifted to lie at Prodoxidae + Cecidosidae instead of Heliozelidae. However, while this degree of corroboration is surely not accidental, DDC bootstrap values for groupings of families are mostly low, the strongest being the association of Heliozelidae and Adelidae (75% by ML for both nucleotide data sets).
Relationships within Prodoxidue and combined anabsis o f DDC and COI + COII All analyses of DDC agree with previous mtDNA evidence in excluding Tridentaforma from Prodoxidae (Figs 3,4) . The strongest statements offered by DDC (ML with total nt (Fig. 3A) and MP with downweighted nt3 (Fig. 4A) ) further agree with mtDNA in strongly grouping the two genera containing mutualists of Yucca (Prodoxus + Egeticula), and, separately, those containing Roseaceae feeders (Lampronia + Etrapma). The DDC trees, however, also group these pairs together (67% BP), breaking up Prodoxinae, whereas the mtDNA analysis ( Fig. 1F; Brown et al., 1994a) groups Gya with the Agavaceae feeders, though with little support.
Partition Homogeneity tests using the nine taxa sequenced for both gene regions gave no suggestion of conflicting signals between DDC and COI+ COZI (P= 0.901 and 1 .OOO for total nucleotides and amino acids, respectively). The combined analyses (not shown), however, did not settle the position of Ciya. Combined nucleotides favored the basal position for this genus seen for DDC alone, but bootstrap support was weak, and amino acids (see also Fig. 4B ) supported the resolution of Brown et al. (1994a) . In no case did any analysis significantly reject one resolution in favour of the other by the test of Kishino and Hasegawa (1 989) .
DISCUSSION
Phylogenetic utilip ofDDC in Lepidofitera
Our results provide several indications that DDC will provide strong information on phylogeny at deeper levels in Lepidoptera, extending the within-family utility previously demonstrated (Fang et al., 1997 (Fang et al., , 2000 . While painvise differences at nt3 plateau even within superfamilies, those at ntl and nt2 increase with hierarchical depth to the base of the order and beyond, suggesting that non-synonymous change may be informative throughout the order. Direct demonstration of signal at deeper levels comes from the near-complete recovery by DDC of the family, superfamily and deeper-level 'test clades' in this study, about half with strong bootstrap support.
While phylogenetic signal in DDC is clearly evident at the levels examined here, its interpretation is more difficult than at lower taxonomic levels, in part because of greater and more complex variation at nt3. Nt3 provides much of the signal for one test clade, the Prodoxidae, while not substantially masking that for any of the others, supporting its inclusion in analyses at this level. Additionally, relatively little information seems lost when nt3 is excluded, as support levels for 'test clades' are mostly little changed; most of the signal at this level apparently comes from nonsynonymous change. On the other hand, the strong heterogeneity of base composition contributed by nt3 casts doubt on standard phylogenetic analyses, which assume compositional homogeneity. Paradoxically, the most likely example of misleading signal from nt3 involves one of the most recent divergences. The all-nt ML tree (Fig. 3A) and the all-nt (4:4:1) MP tree ( Fig. 4A ) strongly group Adela t e a p h a with the other adelid genus sampled, Chalceopla (96% BP), despite multiple morphological synapomorphies uniting it with A. purgurea, including a peg-like structure on the antennae which is unique in the Lepidoptera (Nielsen, 1980) . By contrast, the Adela species are grouped together, albeit weakly, when nt3 is excluded (Fig. 3B) , and when amino acids are analysed by MP (1 of 2 MP trees, Fig. 4B ). The apparently erroneous grouping might be related to the greater similarity in nt3 base composition of A. tnguphha to Chalceopla than to its congener (Table l) , although applying a logdet correction for base composition (Lockhart et al., 1994) to a neighbour joining analysis (Saitou & Nei, 1987) still does not recover Adela. For maximal extraction of phylogenetic information from DDC at deeper levels it appears desirable to include nt3, but also to dissect skeptically the sources of its apparent signal.
Nt3 aside, it is also apparent that obtaining decisive support from DDC on basal heteroneuran and deeper lepidopteran relationships will require more evidence than we now have. First, much greater taxon sampling is clearly needed. The most obvious instance is the basal-most lepidopteran lineages, which DDC cannot recover with just the four very divergent species sampled here. This should not be surprising; probably no gene could do so. Recovery of these same lineages has been shown to be strongly affected by taxon sampling for the 18s rDNA gene (Wiegmann, 1994; Wiegmann et al., 2000) , which from comparison of pairwise distances (unpublished analysis) appears to evolve 30-6o0/o more slowly than even nt2 of DDC. Similarly, much greater sampling will be required within the highly diverse and divergent lineages of the Ditrysia, which DDC also has trouble recovering with the current small number of species. The 28s rDNA gene similarly shows low support for ditrysian monophyly, and significantly mis-interprets the basal split within Ditrysia, with a comparably small sample (Wiegmann, 1994) . Even among the monotrysians, for which our DDC sampling is more nearly adequate simply because these groups are less diverse, relationships above the family level are mostly weakly supported. Support for the assertion that increased taxon sampling would help here as well comes from recent studies using DDC and elongation factor-1 a in the Noctuoidea.
Deeper branches in this group were weakly supported in analyses with 49 to 77 exemplars but were greatly strengthened when the sample was doubled and more (Mitchell, 1998; Mitchell, Mitter & Regier, 2000) .
Second, for all of the deeper-level questions we have addressed, additional sequence will also be necessary. Primers yielding an additional 300+ bp of DDC have already been developed for advanced ditrysians ) and need to be tested in the lower lepidopterans. Currently, we are also testing the prospect that combining DDC with other genes, including the 185' rDNA (B.
Wiegmann, C. Mitter & J. Regier, unpublished results) , will provide strong resolution at the base of Heteroneura. Amino acid variation in DDC and COI+ COII, the most conserved mitochondrial coding region, might be a synergistic combination, as DDC appears to be both somewhat more slowly-evolving and quite different in substitution characteristics.
Overall, despite the limitations of the current data set, our results strongly suggest that DDC has the potential to increase substantially the evidence base for reconstruction of mid-to late-Mesozoic divergences. Further testing of DDC at these levels seems warranted.
Implications for hetmneuran phylogeny
Although designed primarily for testing the gene, our initial DDC data set does measurably increase the evidence on several previous postulates about early divergences in the Heteroneura.
Regarding basal heteroneuran relationships and the sister group to Ditrysia, a ML analysis of total nt from DDC significantly disagrees with the hypothesis of Nielsen (1985 Nielsen ( , 1989 and that of Kristensen and Skalski (1998; see also Liifstedt & Kozlov, 1997) , even though our study, like that of Kristensen and Skalski's, similarly places Nepticuloidea basal to other non-ditrysian Heteroneura. Recently, H. W.
Krenn and N. P. Kristensen (2000) have identified additional, morphological characters in the proboscis that further support a basal position of Nepticuloidea within Heteroneura, reminiscent of an earlier proposal (Minet, 1984) that Nepticuloidea are sister group to all other Neolepidoptera. By contrast, despite expressed doubts (Nielsen, 1989) about the characters underlying the 'Monotrysia monophyly' hypothesis of Davis (1 986), the DDC data are statistically compatible with this idea; a basal position for Ditrysia within Heteroneura is optimal or nearly so in all DDC analyses. On the other hand, within the monotrysians, the DDC and Davis arrangements are quite different, becoming similar only if the Davis tree is re-rooted at Nepticuloidea. Statistical re-examination of all available morphological data is needed to assess whether the apparent conflicts with DDCare real. Ifnot, combination of the two data sets might provide a strong resolution of basal heteroneuran phylogeny, which seems likely to contain elements of several previous hypotheses.
Within Incurvarioidea, the best-supported statement from DDC using ML (Fig.   3A) mostly agrees with the arrangement suggested by Nielsen and Davis (1 985; Fig.  lE) , even though neither character set is decisive itself. The important difference is that DOC, by uniting the groups in which the late instar larvae emerge from internal plant feeding to build a case (i.e. Adelidae + Heliozelidae +Incurvariidae), avoids requiring a secondary loss of this trait in Prodoxidae plus Cecidosidae. Under the NielsedDavis hypothesis, the case-building habit is taken to be ancestral for the superfamily and then lost in Prodoxidae + Cecidosidae, which are typically (though not always) internal feeders throughout larval life. Quantitative re-evaluation of incurvarioid morphological evidence in the context of broader heteroneuran relationships is needed but seems unlikely to show substantial conflict with DDC.
Indeed, if Palaephatidae and Tischeriidae are taken to be the nearest relatives of incurvarioids, as favoured by DOC, the six characters cited by Nielsen and Davis map in toto more parsimoniously on the DDC tree than on their topology, due to the differing interpretation of the larval case character (analysis not shown). Regarding prodoxid relationships, three independent genes, mtDNA, 18s rDNA (Wiegmann, 1994) , and now DOC, agree in removing Tiidmtafma from this family.
Ti-zdentuznna lacks one of the three morphological synapomorphies for Prodoxidae, while sharing derived traits with at least two other incurvarioid groups (Nielsen & Davis, 1985) . Where it actually goes, however, is a mystery. DDC and COI+ COII also agree in strongly supporting a sister group relationship between Titragma and Lamproniu, on which the morphological evidence is also equivocal. Conversely, however, the phylogenetic position of G g a , and hence the sister group to the Agavaceae feeders, is not strongly resolved by molecular data, despite the application of combined gene sequences totaling 1 392 nucleotides (379 parsimony-informative) or 464 aa (76 parsimony-informative). The best we can say is that these data do not significantly contradict the single but persuasive morphological synapomorphy. These findings reinforce the complementarity of molecular and morphological evidence, as noted by Brown et al. (1994a) , in the effort to resolve prodoxid and basal heteroneuran relationships.
NOTE ADDED IN PROOF
The most recent classification of Adelidae (Davis, 1999) places Chalceopha as a junior synonym of Cuuchas. Therefore, all references in this report to Chlceopla simpliciella should now be replaced by Cauchas simpliciella.
